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(57) Abstract 

An optoelectronic module includes one or more VCSEL transmit- 
ters and/or photodetectors coincidentally aligned along a common central 
longitudinal axis. Differing wavelengths of light can be received and 
transmitted by the optoelectronic module optically coupled to a single 
optical fiber or in a free-space link. The optoelectronic module is able 
to receive two wavelengths and transmit one wavelength, or can transmit 
two wavelengths in the optical link. The VCSEL transmitter can be opti- 
cally pumped by a vertically integrated pump VCSEL. A parallel optical 
link supports transmission and reception for each duplex channel on a 
single optical fiber. The parallel optical link includes an array of optical 
fibers, a first array of optoelectronic modules optically coupled to the 
array of optical fibers to transmit a laser signal having a first wavelength 
and receive a laser signal having a second wavelength, and a second 
array of optoelectronic modules optically coupled to the array of optical 
fibers to transmit the laser signal having the second wavelength and re- 
ceive the laser signal having the first wavelength. A multichannel data 
distribution system enables bidirectional distribution of data between a 
central distribution point and a number of nodes optically linked to the 
central distribution point. 
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• PCT/US97/21386 

FIELD OFTHF IMVPM Tl r. N 

This invention relates generally to duplex transmission, and more particularly to vertical 
cav,ty surface emitting 'aser (VCSEL)Wd multi-wavelenglh transmitter and re^ 
for senal and parallel optical links. 

BACKGROUND OF THF IM\/FKiTin M 

optica, fiber. This spatial separation is conventionally accomplished using a planar Kghtwave 
circuit and edge-emitting lasers and waveguide detectors. 

An exampte of the planar lightwave circuit approach is described in an article by H 
Okano et a., entitled "Passive Aligned Hybrid Integrated Optica, Module Using P,anar Lightwave 
Circuit Platform" from the LEOS Conference, Boston, MA, 18-21 November 1996 pp 73 - 7 4 
Such planar .ightwave circuit approach would be simplified if the transmit and receive laser ' 
beams could remain collinear. For such an approach to be feasib.e, the transm* and recede 
signals must be at different wavelengths. 

Asanexamp.eof.hecoUlnaarapproach.inan^ebyJ.C . Bouiey enfifcd "toP-based 
Photonic integrated Circute for future Opfical Access New from toe LEOS Conference 
Boston. MA. 16-21 November ,996. pp. 286-287, an edge-eml«ing laser transmte at a ' 
"avelengto of 1.3 microns and a waveguide photodetector receives at a wavelength of 1 55 
microns. The small France for aiigning an edge-emitter to mer makes it difficult to cou pte 

feedback laser or an etched facet laser because the waveguide photodetector behind the laser 
prevents toe laser from being configured with a simple deaved face,. „ Is difficy, to comro, toe 
amount of leakage from the back of the 13 micron edge-em«ter taser into the ,.55 micron 
Photodetector. This Introduces opfical crosstalk. The edge*minati„n geome,,, requires 
****** vanatos h toe lateral dlreoSon (in toe piane o, the wafer), which ieads to difficult 
growto and processing. A package using edging laser technology can be bulky and 
expensive. ' 
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SUMMARY OF THE INVFMTinM 

The invention provides a vertical cavity surface emitting laser (VCSEL)-based 
optoelectronic module which supports multi-wavelength transmission , 



i over a single optical fiber 
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Ink In a first arrangement, me received light passes through me VCSEL before hming the 

nm, and the transmitted wavelength is in a range from ,250-1350 nm. for example ,300 nm 
■ ^v**.*™****..*,*^ slacks ar , anacBve res . on lnterposedbetween 

me parr o m,rror stacks. The minor Steate are each a system o, altering laye rs o, GaAs and 
AIGaAs < a GaAs/AIGaAs system, which forms a aisled Bragg rejector. At ieas, one of the 
m.rrors^awaf^sed.omeatfveregion. One of the minor stacks is below 000, 
percent transmfcsive to the transmted light. The VCSEL transmtter can be optica,,, pumped 
by a pump VCSEL. wherein the pump iaser radiation is in a range from 700-.050 am 1 
example an 850 nm pump VCSEL. 

In a second arrangement, the received incoming Ugh, Is at a shorter wavelength ton the 
transmrtted light and me transmitted Ikjh, from (he VCSEL trensmtter passes through the 
photodetector pnor to entonng the fiber or free-space optica, He The received wavetengB, is 
-^..^.M.^^^^^^ rangefrom870- 

zr are m * * me same optoi to » <™**° 

'""^-^n.ofmein^ntton.amulti^annelVCSEL^sedparafelop.icai 
„n for one or more channels supports transmission and reception for each channel on a singte 
opto, tiber. Such parallel opttca, link Includes an array o, opttoa, fibers, a firs, array of 
optcelecfronio transceiver modules optically coupted to the array of optica, ffcers In order to 
transmit a laser signal having a firs, wavelength and receive a laser signal having a seccd 
wavelengfi, and , second array of optoeiecfronic transceiver modutes opficairy coupled to the 
array of opfica, fitos to tnansn* the laser Sana, having the second wavdength and receive ft. 
laser signal having the first wavelength. 

,n another embodiment of me invention, an optoelectronic module Includes a vertical 
cavty surface emttfing laser (VCSEL) transmitter, a front photodetector. and a back 
photodetector. The VCSEL transmitter is operative to transmit a first laser signal having a first 
wavefcngth Wo an optal fiber or free-space I* The front photodetector is operative to 
recede a second teser signal having a second wavelength from me opttea, fiber or free-space 
Wc The back photodetector is operative to receive a third laser sfcjna, having a third 
wavelengmfromtheopficalfiberorfre^paceBnk. The VCSEL transmitter thefront 
Photodetector, and me back photodetector have opfca, axes which are substantially collinear 
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in yet another embodiment of the invent, an optoelectronic module for use in an 
opfca. .inkincludesafront VCSEL transmitter. The front VCSEL transmitter is operative to 
««^*-hM,.N^ hBhjpWl ^ Ini 

second laser signal having a second wavelength can pass therethrough 

The principles of the invention can be practiced in a mull-channel data distribution 

system, 

™-W«""d advantages convention * becon,e apparent torn the Mowing 
«*M descnption. taken in „. accompany^ dn*ving S , .vhlch tatrate by 

way of example, the features of the invention. ' 

BRIEF DESCRIPTION OF THF np A »/, Nns 
FIG. 1 is a schematic view of an optoelectronic module coupled to an optica, fiber 
according to the principles of the invention; 

FIG. 2 is a side elevational view of the optoelectronic module depicted in FIG 1 • 

F,G " 3 ' sa 9'a P h showing the 
optoelectronic module depicted in FIG. 2; 

FIG. 4 is a schematic view of an optodectronic modute coupted to an optica, fiber 
according to the principles of the invention; 

FIG. 5 is aschemaflc view of a conventional multi-channel parallel optical link- 
FIG. 6 ,s a schematic view of a multi-channe. paralte. optica, link according to ihe 

pnnciples of the invention; 

FIG. 7 is a side elevational view of an optoelectronic module at the first end of the 
parallel optical link shown in FIG. 6; 

FIGS. 8 and 9 are graphs showing the refection spectrum of the VCSEL transmitter in 
the optoelectronic module depicted in FIG. 7; 

FIG. 10 is a side e.eva«onal view of an optoelectronic module at the second end of the 

parallel optical link shown in FIG. 6; 

RO 11 is * side elevations 
of the invention; H 

Fle - 1 2'"a'*eleva^ 

of the invention; and H 

onndn, " "* *~ * ***" ^ «»*■ <° »» 

pnnaples of the invention. 
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DETAILED nFfirpiP TION 
A VCSEL-based optoelectronic module according to the principles of the invention 
provdes fortransmitting and receiving optica, iasersigna, having during wavelengths overa 
-^'^ 

10 accords to the principles of the invention is optJcaHy coup.ed to an optica, fiber 12 or can be 
used ,n a free-space .in, The electronic modu,e 10 inciudes a VCSEL transmitter 14 and a 
PH-n photodetector 16 mono.ithica.ly integrated with the VCSEL transmitter 14. The incoming 
received optical signals from the optical fiber 12 pass through the VCSEL transmitter 14 before 
be,ng received by the p-i-n photodetector 16 of the optoelectronic module 10 

Referring to FIG. 2, the VCSEL-based optoelectronic module includes VCSEL 
transmitter 14, which has an optica, axis coincident with a centra. .ongKudina. axis 20 The 
optica ax is is thepatnof|igntpropaga ^ 

l^uesa^ 
^rst^ 

Each of the top and bottom mirror stacks 22, 24 is made from the "GaAs/AIGaAs system" The 
GaAs/AIGaAs system" is a group of materials which includes gallium arsenide (GaAs) 
a^minum arsenide (AiAs). and aluminum gallium arsenide (AIGaAs). The bottom mirror stack 
24 inCudes approximately f % (50) pairs of alternating layers of GaAs and AIGaAs, and the top 
nwor stack includes a .esser number of pairs of a,ternating .ayers of GaAs and A,GaAs than the 
bottom rwor stack. Laser radiation is emitted from VCSEL transmrtter 14 through the top 
mirror stack 22 from the top surface of the VCSEL. 

The active region 26 includes quantum we..s, barrier material separating the quantum 
we^s,andapairofc,adding,ayers28.30. The quantum we„s are sandwiched between the pair 
of cladding layers 28, 30. H 

The bottom minor stack 24 ,s disposed above a compound semiconductor substrate 32 
^s^ferabiyaGaAssubstrate. The top mirror stack 22 and the baton, mirror stack 24 ' 
are ,«h wafer-fused to the ac*ve region 26 merer^twee. Wafer fusfcn is a process by which 
matenais ofdffferen, iattce consent are atomfca„y Joined by apc^ ^ 
create area, physical. Wafer fusion of the mirror stacks to the act*e region is used to 
-crease the reflecWty provkied by me mirror stacks so that the lash, threshoid can be 
reached and mainlined. TOs creates a „a,e,fused interface between me top mirror steck 22 
and the artve region 26 and a wafer-fused interface between he bottom nwror stack 24 and 
the active region 26. 

The iong-waveiength VCSEL transmitter 14 is optally pumped by a short-wavetengm 
pum P VC SE L34which b ,n,eg ra ,*h ttwV CSEL M nsmi«er,4. The VCSEL transmitter IT 
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and • w The Sh ° rt "™ aVe ' en9t,, " UmP VCSEL 34 indUdeS 3 * ra,i,y " - ^conductor 

Ic„g™,na,axis20. The pump VCSEL 34 is electrically powered using two metallized contacts 
A fc, metaltod contact 36 for pum*ng the ^veleng^ pump VCSEL 34 Is connected to 
tbeb^ommirrorsteckofpumpVCSEL*. The firs, metallized contact 36 has an annular 
shape and is centered about me central longitudina, a*s 20. The annular meta«*ed contact 36 
^^-^.^^^^^^ 
VCSEL transmaer ,4. A second metallic comae. 33 for elecmcally pumping ,he shod- 

contact 33 . centered about the cen*a, tongMna, axis 20. The pump VCSEL 34 is etectncslly 
^ to em« a pumping *ser beam hav,g a wavefcngth ,„ a range „om 700 nm to ,050 

vcsLI T TT- 850 nm into VCSEL 14 to pump — 

VCSEL transmitter. The pump VCSEL 34 is neariy one hundred percent transmissive to 
e ecaomagnefc nation ha*ng a wavelenglh in a range from ,250 nm to ,350 nm and to 
electromagnetic radia«o„ having a waving* in a range from ,450 nm to ,650 nm Therefore 

.n^rece 1 ^op to ,signa,sfor ffi ep to ,odetec,crcan P ass«,rough«hepumpV C SEL34 ' 
jmpeded and outgoing transmitted op**, signals from the VCSEL transmtoer ,4 can pass 

12 ert 7 P , VCSEL " —» — 

U.S Patent No. 5,5,3,204 emitted "LONG WAVELENGTH, VERTICAL CAVITY SURFACE 
EMITTING LASER WITH VERTICALLY INTEGRATED OPTICAL PUMP" fcsued A.ri, 30 ,996 
to Vijaysekhar Jayaraman. which I, incorporated by reference as if fully set font, herein 

sut*»,e 32. An clonal absorber layer 43 can be disposed beneath me InP substrate 42 
The absorber layer 43 wil, absorb ba*leal*g »gh, from the VCSEL transfer, but no. me 
received light The purpose C me absorber layer 43 Is ,o absorb light from .he bacK.de of the 
VCSEL transmitter, and prevent it from reaching me photodetector beneath the VCSEL 
Emitter, which Is Wended only to detec. W receded from me opto, flber a. me receive 
w^ngm. Sfructura, indentation of me opflona, absorber layer 43 works best when me 
recede wavelength is longer man me transmit wavelengm. ,fthe transm« wavelength is , 3 
microns and me recerve wavetengm fe 1 .55 microns, then me preferred absorber layer 
compos^n wou W be indium gallium arsen M e phosphide (InGaAsP, * a bandgap wavelength 
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^ l n,T tefi ^^^lT^ ode,eao^ ' sapp,led,o,he,aye^46o, "- 
<h.— ta ** llrt>a0l T,e^i n r annu,a ' shapeandfecenteredabout 

ran 9 e ta, M50 ,„ 1650 nm , for exampfe , ^ S ' 9ra,s ■ in a 

0 The optoelectronic module shown in Fin o M « k A 

VCSPL h- h . , P ° f ^ short - wave, ength pump VCSEL 34 The 

approx,mately 5 m and Is angled to mM m fee feedback 

otL transmitter. For the common wavelength pair of 1.3/1.55 
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m, for the transmitted and received optica, signals respectively, for VCSEL transmitters using 
wafer-fused DBR mirrors which are made from the GaAS/AIGaAs system, this condition is easily 
sat.sfied. This condition is also satisfied for the wavelength pairs of 780/980 nm and 850/980 
nm. for the transmitted and received optical signals respectively. FIG. 3 presents a graph 
showmg a typical reflection spectrum of the 1.3 urn VCSEL transmitter. The graph illustrates the 
low reflection of .aser radiation at 1.55 ,m by the 1.3 M m VCSEL transmitter. Also, there will be 
no absorption of the 1.55 .aser radiation in the 1.3 pm VCSEL transmitter, .f the incoming 
receded optica, signa. is 1 .55 urn and the transmitted optica, signal is 1 .3 m , the DBR mirrors 
of the 1.3 nm VCSEL transmitter will reflect less than 20% of the 1.55 m laser radiation As a 
result, the photodetectorwi.. see more than 80 o/ 0 of the incoming 1.55 urn laser radiation 

If the transmission and reception wavelengths are reversed so that a 1.3 nm optical 
signa. is received while a 1.55 M m optica, signa. is transmitted, then again .ess than 20% of the 
receded light is .ost by reflection. In addition, the 1 .55 ^m VCSEL transmitter wil. absorb some 
of the .ncoming 1.3 ^m received optica, signa.. By designing the active region of the 1 55 um 
VCSEL transmrtter such that the absorption occurs on.y in the quantum we..s of the active 
reg,on of the 1.55 M m .aser, and not in the barrier materia.. Cadding .ayers. or mirror stacks the 
total amount of absorption can be kept to less than 10% The net result is that more than 70% of 
the .ncoming 1.3 m optical signal is seen by the photodetector. By proper system design the 
absorpfon of the 1.3 ^ optica, signal by the 1.55 nm VCSEL transmrtter will not adversely 
affect bit-error-rate. 

Referring to FIG. 2. the number of periods (i.e., pairs of alternating .ayers) in the bottom 
mirror stack 24 of the VCSEL transmitter 14 is increased unti. the backside transmitter ,ight 
h.tt,ng the photodetector 16 is .ess than the anticipated minimum received light coming in from 
the optica, fiber 12 orfree-space link. The bottom mirror stack transmKivity to laser radiation at 
1 .3 nm is designed to be less than .0001 percent. 

The photodetector can be disposed in front of the VCSEL transmitter, such that the 
transmitted light from the VCSEL transmitter passes through the photodetector prior to entering 
the optical fiber or free-space link. In such arrangement the transmuted optical signa. 
wavelength is longer than the received optical signal wavelength. Referring to FIG 4 an 
optoelectronic module 62 according to a second embodiment of the invention is optically 
coupled to an optica, fiber 64 or can be used in a free-space link. The optoelectronic module 62 
-ncludes a p-i-n photodetector 66 and a VCSEL transmitter 68 monolithica.ly integrated with the 
P-n photodetector 66. The outgoing transmitted optical signals from the VCSEL transmitter 68 
pass through the p-i-n photodetector 66 before entering the optical fiber 64. 
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Vertical cav«y surface emitfing lasers (vtsELs) are a breakthrough (or parallel optical 
communions because they can be fabricated on a wafer sca,e into or« and dimensional 
arrays. Recent advances have yielded low-power devices with operating efficiencies 
comparable to in-plane edging lasers. I, is how possicte to produce massive., parallel 
two-d,men S ional emitter arrays using VCSELs that have acceptable heat generation 

Referring to FIG. 5, a conventional six-channel parallel optical link 76 is illustrated The 
conventional six-channel paralte, optical link requires twelve optica, fibers 78 ,i.e six pars of 
fibers, to allow transmitting and receiving on separate optica, fibers. Twelve optica, tibers for six 
channel h such conventional arrangement uses spatia, separata of tn,„sm«ted and received 
opto, signals, which is expensive. In me conventional parab, opto, H 76 , a „ aray of 
VCSEL transmitters and an array of photodetectors are coupled to a twelves linear array oY 
mulOmodeopticaUbersateachendoftheparallelopticallink The array of VCSEL 
transmte and me array of photodetectors are spaced laterally w«h respect to the longHudina, 

the typ,ca, arrangement, a firs, array of VCSELs 80 which can emit laser radiation a, 850 nm is 
orally spaced from a fire, array of photodetectors 82 to detect faser radiafion at 850 nm a, fhe 
first end of the optical link. At me second end of the optical link 76, a second array of 
Photedetectors 84 capable of receMng 850 nm laser radiation from me first array of 850 nm 
VCSELs 80 is laterally spaced from a second array of 850 nm VCSELs 86 for transmrtfing 850 
nm laser radiation to the first array of 850 nm photodetectors 82. 

Half of me array of optical fibers present m the conventional arrangement shown in FIG 
5 are ebminated by me VCSEL-based multi-channe, parallel opto, link according to the 
invention, which enables transmit and rece« for each char™, on the same opfical fiber us»* 
drfferen. wavetengms for the transmitted and recerved opto, signets. A coilinear geometry is 

l.nk according to me principles of me invention passes through a VCSEL transmitter or a 
photodetectordeskjned forme otherwavelengm. According to me invention duplex 
transmisston of transmitted and received optical signals over each optical fiber uses wavelength 
separation of me transmit and receive optical signals, rather man spatia, separation as in 

c O nven fi ona,prac fi c e .Apreferredpairof„avelengmsis980nm/780nm,b u ,g80nm,850„m 
will also work, as well as other wavelength combinations. 

RefemngtoFIG. 6, a duplexpan*, opto, »nk 88 according to a specific embodiment 
of me rnvention includes a firs, end linked to a second end. Laser rad^on baveis between me 
first end and me second end in a longitudinal directs of travel. At me first end. a first array of 
980 nm photodetectors 90 and a first array of 780 nm VCSELs 92 are monolithically integrated 
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VCSELs are spaced longitudinally «, respect ,o ,he longKudina, di re *,n of .rave, of ,aser 

! " " VCSEL - -« ' « °' «» «»* - 

■ Photodetectors associated there* are aligned coincidentelly along a common cenM 

longitudinal axis. 

^e^arrayofzaOnnVCSELs^transmteiaserradiatio^toasix-widearrayo, 
o^fbe^intHeion^natdirectonC^e,. The f,rs< array o, 980 nm photo deteL 

980 nm VCSELs 9a are subsidy colllnear so thatthe optea, ax, of each o, the second 
array of photodetectors 96 1. coMdentally a«gned along a common centra, long^a, axis 

fromthearrayofoptcalfibersg* The second array o, 980 nmVCSELs 98 transm«s taser 

94 in the longitudinal direction of travel. 

fefer ^'°F'°-™eoptoelec^^ 
oraca « for me 980 nm rece^ao nm ttansm. case is i»ustra,ed. An array of optoeZl ic 
"»•*. . coupled to an array o, opfca, »bers. Each optoelearonic module coup,* ,o IT 
optca, «*r Mudes a 780 nm VCSEL transn*er a* a 980 nm photodetector monoiithicaliy 

•tag , «s respect opSca, axfs. Th, respec«„e opBoa, axes o, the 780 nm VCSEL transmitter 

ZT£T, '~' a * lncom ^ 980 nm radia "° n >— -* — i 

780 nm VCSEL of an optodectronie module for receipt by the photodetactor in that 

optoelectronic module. 

vcsEL^^r^ 1 ^^^^^"^^ 1 ^^'^- 

VCSEL 100 mcludes a plurality of fcyers of semiconductor formed on a compound 
semiconductor substrate, such as a semi-insulating GaAs substrate 102. The plurality of layers 

be^en,h, t o P rn,rror stock ,04 and »,e bottom mirror stack ,06. The top ,*or stack 1 
and the actve region ,08 are verBcaNy etched down to the bottom mirror stack ,06 forming a 
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mesa structure on the bottom mirror stark in«/^«* -i • 

axisHOoftheVra, . mirror stack 106 cantered about the common central longitudinal 
axis 1 10 of the VCSEL transmitter and the photodetector 

^'^'"^^Wis^oped.Thebo.ommirror^loe.n^ Ea*o, 
me top and boHom mirror stacks is a system of afcmafing iayers o, hi gh „ MoT 

. "latent and iow retrace index materta, whi* forms a debuted Bragg re^ ^ number 
- - of aKematir* tayers ,„ each mirror stack determines, atleas, int. TJ^T 
toe ~ ,n *e 780 nm VCSEL 100 s hMW i„ FIG. , the numb! o paL o^et g 
ayersinthetopmirror stack ,04* less than me number o, pal. of alternate, laye* i„Te 
bottom m ,rror star* W In so* a top^sion v C SEL, teer ^ fe ^ » J* 

AcuTOrt ^"^nt tey er1,2 i sdispo S edin m e to prn,rrorsteck104inaplane 
substenfiairy transverse tome common cen*a, lo^ ^ ,10 ofth. VC^nler 
and the photodetecte. The c^en, confinement iayer, 12 has an annular sZ anT 

operates as an aperture to confine current into a secton of the ac«v. region 108 

,04 m "T^ 0 " 1 M b ^ ,0 «** * •» <«P -irror stack 

The 780 nm VCSEL 100 is electrically powered using two metallized contacts A first 

coafing 1 u ap0ied thereto, of the top m,™ stack ,04. The firs, metered c-type 00^8 
Hasan annufcrshape defining an opening through whi* laser raoiafion can £LT 
oenteredabc.ttheoentra,,^^,,, ^ radiafion em«ted from 1 VCS L 100 
^es^the.peningdefinedby^annu.rm^p.^^,,3^ 00 
me«*ed n-type contoc, ,20 k applied to »e bottom mirr.stack m. The second J^d 
<y contact 120 has an annular shape and is centered about the cenfra, lung^Im 
The metered n-type contact ,20 *«es r. mesa stormed by 1^ ZL 

sack^andtheact^eregionioatogemeronmeboaomm^rsteckioe 

There is some leakage of 780 nm laser radiafion from the top-emission VCSEL 100 into 
the semwnsulafing GaAs substrate 105 h.™.», u,. ^ „ 

7«a , ssuostrate 102 beneath the bottom mirrorstack 106. However this 

780 nm back-leakage is absorbed by me semi-insulafing GaAs substrate 102 

* ,me "-'^<>'^P=ralle,o pa ca,, W c.oneofmearrayo,9eOnmpho.ode.ecto reta 
located w,h each o, the array of 780 „m VCSELs. Each of the anay of pLode.17 
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travel of laser radiation in the optical link. 

Each photodetecter a p-i-n photodetecter 122. The photodetector ,22 is formed 

^substrate 102. This creates a wafers Werface ,2a beWveen the ^ subs ^ 
and the nP subs** 12.. MematM, ,he OaAs substrate ,02 and »e InP substrate^ 1 
be metal-bonded together. "uwrare can 

includes an n-doped layer of InP 1 9ft ho nM fk *u . . ' 
l„r=*. k J. 8 be " ealh,heSemHn8ulalin 9 l "P substrate ,24. an Moped 

nGaAs bsorber,a,er,30 beneath *e n„oped iayer ofinP,28, and a pooped ,a y er of 

,30 and me pooped laver of InGaAs 132 form a mesa staaur, deposed beneath the „ 

^ " mMSUred *~ '° - - »° * approbate, 30 

third met^ 7 T " ^ "* * P * °< «— — * A 

^me t a, ta ed„^ y pe 0 o„u,C3 4i8 app ll e d ,omen^c 1 « ll a y .rof,„P 1 2 8 Thethird 
melted n-vpe contact 1 34 has an annular shape and * centered about me cemra, 

applwlbeneaththep^dopedlayeroflnGaAslSi "nactissis 

rnodert^ to116fei ^' O,he,OP * OrS,aCk,04The ^ l ^1«- m u^ 
mode her. The ^»ne,rd i r„ensiono, t heop«ca,r*er,, 6 as re asured to s»ersej! 

^nm^trorntheop^fiber^eintoa^^ughmeVCSEL^erlOOtobe 
received the photodetector 122. Outgoing laser radia™ =, tst, • 

wr™ ,„ „ uigoing laser radiation at 780 nm is emitted from the 

VCSEL transmitter ,00 into the optical liber 1 ,6. 

FIGS. 8 and 9 are graphs .hat iUustrate the reflection spectrum of the 780 nm VCSEL 
~r. The reflect spec^m of the 730 nm VCSEL frans^er locates tha, minima, 

» e ^'n"™", laser Thus the 

nm iaser radia«on ,e*g „ the backside of the top^ VCSEL ,00 - be absorbed in 
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the semi-insulating GaAs substrate 102 so tha'tl will not reach the photodetector 122 
Therefore, optica, crosstab between the VCSEL and the photodetector is substantially 

eliminated. 1 

° P ' 0ele * miC ™ d * » - * is coupled ,o „ of the array 

of optca, fibers. Each opsonic mod* includes a second 980 nm bottom-emissfcn 
VCSEL 140 and a second 780 nm GaAs p-i-n photodetector 142 monoiithically lntegrated ^ 
the second bottom-emlssion VCSEL 140. The second bottom-emissionVCSEL 140 and the 
second p+n photodetector ,42 have opfica, axes wh tt are colfinear so as to be coWdentolr, 
al,gned along a common central longtadina! axis 144. The p-i-n photodetector 142 the 

The op ca, fiber 146 has a lateral linear dimenston. as measure transverse to the common 
centra, longfcdina, ax* 144, which is typically 50 mterons or 62.5 microns, incoming laser 
^^^^^^^^^^^^^ 
980 nm laser rad B tion transmuted by the VCSEL transmitter ,40 passes through the p+n 
photodetector 142 into the optical liber 146. 

The 780 nm p-k, photodetector ,42 includes a pluraBt, of fcyers o, semiconductor 
wh,ch .nckrfes a toyer of p-doped GaAs ,48, an Woped GaAs absorber region 150 balsam 

150. The plural* of layers of which the p« photodetector 142 rs compnsed is formed = bol a 

semi-insulating GaAs substrate 1 54. 

J* VCSEL *» is disposed beneath me semi-insuiating GaAs substrate 

54. The bottom-emtasion VCSEL ,40 InCudes a top mirror stock 156. a bottom mirror stock 
158. and an active region ,60 interposed between the top and bottom mirrorstacks The 
Worn mirror stock ,58 of the VCSEL 140 is adjacent the semi-insulating GaAs subsWe ,54 

stac 156 hasa greater number of pairs of alternating toyers of high refract index materia, 
^fowr^wexmatenaUhanthatof the bottom mirror stock,58. The top mirror stock 
56 and me active regie 160 are vertically etched to form a mesa sectors disposed benea», 

the bottom mirror stack 158. 

s^ 1 TT confinement 162 taing a aperture fe * •» * ■*» 

Stock 156. The current confinement region ,62 presents an annular configured centered 
about me certra, longitudinal axis ,44 which consthcts orrren, »ow to a portion of the acfive 
regron 160. The toteral Ihear dimension o,the current aperture defined by th. annuter current 
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confine™, regton 162. as measured transverse the cent* longMna, ^ m „ „ . 
range from 10 to 40 microns. ' a 

metM ^r a *~* Wh '^^^^'— ~ A first 
^^Pecon te c,1 Mfed ^ dbeneatntneMopedtopmhorstack ^ 

-one metallic .type ^ 166 nM an ^ ^ 

!,dtet " « *~* ^ """ ^ formed „ the top mirror stack" 

HT 160,09eme,beneah,teb ° tt - ml ™^^.Laserrad,a,on te 
«*d from ft. bottom mirror stock 158 ft a direction par*, to ft. centra, ,ong«udina, axis 
144 into the semi-insulating GaAs substrate 154. 

~ftM p-type contact ,68 is disposed above ft. ,a»er of pooped GaAs ,4 8 The ftM 
-ft** P-typa contact 168 presents an annular configuration ee rtered about „ ^ 
^ina, axis ,44. A fou* metalfced n-type contact ,70 * deposed IZXer 

cer, ered abcut tne centra, ,ong«ud™, axis ,44 and circumscribes the mesa sfrucure formed b, 

the ba r*-"?. 0 " 0PH '" Umina,ed — » « ■» wafer-teed or ep»ax1a,,y grow, 0 „ 
thebaoksKieofmesubsfratesharedwiU.thea^o.bot.om^VCSEU Inthe 
optoetectronfc module shown in FIG. ,0. the bortonvem^ion 980 nm VCSEL ,40 em«s 

™* Th9Ph0 '^ M2 ^*e^m,„g780n m ,aser ra d,a«on. bu, allows 
^980nm,aserrad,a«on« 0 pa S s«hrou a h,he780nm P ho,ode,ac,or,4 2 w W „ u ,be^ 
ratecfed s. feedback o, 980 nm laser rad««on * reduced. An, 780 nm leakage thro^h the 

Z Z « ^ ° ,lh9 980 VCSEL ,4 ° " " ~- 

TZ^^^^^ -veen»eVCSELsa. 

At both ends of the parallel optical link illustrated by FIGS. 7 and ,0, the n-type contact 
- - * o. ft. array of VCSELs is isofcted f™ fte n-type contact of each o,^ a^oT 
Photode.ec.ors by one or more layers of semWn S u, a ti„ 9 subsfrafe. This prevents electrical 
crosstalk between the VCSELs and the photodetectors. electr,cal 

Referring to FIG. 1 1. an optoelectronic module for use in a free-space link or 
connects to an optical fiber incudes a top-emlssion 1.26 urn VCSEL ,74 which can be 
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** " e,eCWCa " V PUmPetl - ^^^^'ab^edonateyerof^Mns^ 
GaAs 176. The VCSEL ,74 InoWes a ,op ,78. a bottom mirror stack ,80. aL an 
aotve region ,82 interposed bet*en the top and Won, minor stacks. The top mirror stock 
178 and the bottom mirror stack 180 are each debuted Bragg reflectors made from the 
5 GaAs/AtGaAs system. Both of the top and bottom mirror stacks are wafer-fused to theaaive 
region 182. 

The top mirror stack 178 and the active region 162 are vertical,, etched down to the 
Mom mi™ sto* ,80 to form a mesa structure disposed above the bottom mirror stock 180 
''^VCSai74 fe electr i ca,, y p l ,m P ed.t»ometo, f2 edcontoctoca„beused. A firs, metalfeed 

0 P-^con«c.184isap P ,iedto»,.,op m irrorstock,78. The first metall^type contact 184 
has an annular coronation. The firs, metafeed p-rype contact 184 is centered about the 
central long«udinat axis ,86. Theannularshapeofmefrstp-typemetallizedcontoc,^ 
defines an opening through whfch taser radiation can pass into and from the opto, fiber 188 or 
free-spacer. Asecondrnetolfeedr^ypecontod.goisappliedto.hebonommlnorstock 

5 180. The second metafeed n-type contoc. 190 has an annular configuration and is centered 

the mesa structure formed by the toD mirror *tari<- 17r *u ^ 

y me iop mirror stack 178 and the active region 182 disposed 

above the bottom mirror stack 1 80. 

176. An absorber layer 194 of InGaAsP designed to absorb backleaking 1.26 micron 
wavelength light from the bottom mirror stack 180 of the VCSEL 174 is disposed beneath the 

layer of semi-insulating InP 1 92. 

A front photodetector 196 is disposed beneath the absorber layer of InGaAsP 194 The 
front ^detector 1 96 includes an n-doped InP contact ,ayer 198, a layer of undoped InGaAsP 
200 designed to detect incoming 1.36 urn light, and a p-doped InGaAsP contact layer 202 The 
front photodetector 196 is electrically powered using a pair of metal.ized contacts A third ' 
metered n-type contact 204 is applied to the n-doped InP contact layer 198 The third 
metalfced n-type contact 204 presents an annular configuration centered about the centra, 
.ongitudina. axis 1 86 and arcumscnoing the layer of undoped InGaAsP 200. A fourth metaHized 
P-type contact 206 is appHed to the p-doped .nGaAsP contact .ayer 202. The fourth metaled 
P-type contact 206 has an annu,ar configuration and is centered about the centra, .ongitudina. 
ax.s 186. An undoped .nP isolation ,ayer 208 is disposed beneath the p-doped .nGaAsP 
contact layer 202. 

A back photodetector 210 is disposed beneath the front photodetector 196 The back 
Photodetector 210 is monolithically integrated with the front photodetector 196 beneath the 
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. T. 1 *• Und0Ped laV6r 2 ° 8 ' " Und0ped lnGaAs *« Oesigned 

to detect .noting , .55 m |ig„, beneam „ „. dope<| , np ^ ^ ^ ^ ^ 

InGaAs contact layer 216 beneath the layer of undoped InGaAs 214 

a «h ^ Ph °' 0deteCtor 210 " eteCMOa " y p ~- d usi " 9 a "* °< ""tacts 
A fifth metallized rtype contact 2,8 is applied to me rKtoped InP contact layer 212 The fifth 
metallized „-type contact 218 has an annular configuration centered about the central 
longMna, a* ,88 and circumscribing the layer o, undoped ,nGaAs 214. A ** metalfeed p. 
type contact 220 is applied to the rxjoped InGaAs contact layer 216 

The opsonic module shown in FIG. „ can be operated to transm* and recede on 
a s,ngle opto, fiber or over a free-space optica, lint The optoeiecfronic module can detect 
incoming .gh, at ,.55 microns and a, a wavelength m over 1.3 microns, which is referred to as 
1.3 m,cro„, Anexamptewavelengmtal.j-micronsisl^ microns. The optoeiectronic 
mod* also transmits at jus, under ,.3 microns, which is referred to as ,.3' microns An 

IILTTT** ,,3 " miCr0nSiS 1 ' 26m,Cr0ra - M ' hreeW «""*»*-».*.-». 

opto, fiber. The two incoming waveiengths pass through .he VCSEL before transversely 

illuminating the photodetectors. 

Referring to FIG. ,2, a doub^urce optoelectronic modute can be used in a free-space 
opfica, M or connected to a sing,e opto, fiber. The optoe^nlc moduie can emKtwo lal 
signafc having two differing wavelengms into the same single optical fiber or free-space link 

The optoelectronic moduk, shown in FIG. 12 includes a front VCSEL transmitter 224 and 
a back VCSEL transmKer 226. The front VCSEL transmitter 224 is , top-emfcsion VCSEL 
The back VCSEL transmitter 226 is a bottom-emission VCSEL. The ,op-emfcsk»n VCSEL 224 
and the bottonvemission VCSEL 226 have opfica, axes which are company aligned along a 

Z^T^'^' ^ "* ""*' PtOPa9a " 0n " ^ **• * al °" 3 lte ™^ 

The bottom-emission VCSEL 226 is eptaally grown in a wafer-scale fabrication 
process, which Mates creation of one and two-dtaensional arrays of such devices on a 
semwnsulating compound semiconductor substrate 230, such as a GaAs substrate The 
bottom-mission VCSEL 226 includes a top mirror stack 232, a bottom mirror stack 234 and an 
ac^ve region 236 interposed between the top mirror stack 232 and the bottom mirror stack 234 

Thebottommirrors.ack 2 34isn-dopedand,he.opmirrorsU,ck232^oped. Eachofthe ' 
top and bottom mirror stacks is made from me GaAs/AIGaAs system. 

An annular current confinement region 238 is disposed in the top mirror stack 232 in a 
Plane substanfially transverse to the common cemra, longitudinal axis 228. The top mirror stack 
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232 and the active region 236 are vertically etched down to the bottom mirror stack 234 and 
together form a mesa structure. 

The bottom-emission VCSEL 226 is electrically pumped to emit coherent 
electromagnetic radiation having a wavelength substantially equal to 980 nm into the semi- 
.nsu.at.ng compound semiconductor substrate 230 using a pair of metalfeed contacts A first n- 

t yP emeta. fe edcontact240is ap p,i^tothebottommirrorstac k 234.The fi rstn-ty^ 
contact 240 has an annular configuration, circumscribes the active region 236, and is centered 
about the centra, longitudina. axis 228. A second p-type metallized contact 242 is a PP .ied to the 
top mirror stack 232. 

After the bottom-emission VCSEL 226 is epitaxially grown on the compound 
semiconductor substrate 230 in the wafer-scale process, the substrate 230 and bottom- 
emission VCSEL 226 thereon are flipped so that the top-emission VCSEL 224 can be epitaxially 
grown in a wafer-scale process on the backside of the substrate 230 shared W »h the bottom- 
emission VCSEL 226. 

The top-emission VCSEL 224 includes a top mirror stack 244, a bottom mirror stack 
246, and an active region 248 interposed between the top mirror stack 244 and the bottom 
mirror stack 246. The bottom mirror stack 246 is n-doped and the top mirror stack 244 is p- 
doped. Each of the top and bottom mirror stacks is made from the GaAs/AIGaAs system 

An annular current confinement region 250 is disposed in the top mirror stack 244 in a 
plane substantially transverse to the common centra, .ongitudina. axis 228. The top mirror stack 
244 and the active region 248 are vertically etched down to the bottom mirror stack 246 and 
together form a mesa structure. 

The ^mission VCSEL 224 is etectncally pumped to emit coherent e.ectromagnetic 
rad,ation having a wavelength in a range from 700 nm to 870 nm, for example 780 nm, from the 
top mirror stack 244 in a direction paralle. to the central longitudina. axis 228 using a pair of 
metaifeed contacts. A third n-type meta.,ized contact 252 is app.ied to the bottom mirror stack 
246. The third n-type metaled contact 252 has an annular configuration circumscribing the 
act,ve region 248 so as to be centered about the centra, longitudina. axis 228. A fourth p-type 
metallaed contact 254 is applied to the top mirror stack 244. 

The optoelectronic module shown in FIG. 12 can be used in a free-space link or can be 

connected to an op«ca. fiber 256. which can be a single-mode or mufti-mode fiber. The optica. 

fiber 256 includes a core and a cladding surrounding the core. When connected, the optica. 

fiber 256 abuts the fourth p-type metallized contact 254 in confronting re.ationship. The optica. 

fiber 256 is optically coupled to receive laser signals from the optoelectronic module For 

example, the top-emission VCSEL 224 and the bottom-emission VCSEL 226 in the 
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optoelectronic module transmrt 780 nm laser ration and 980 nm laser radiation, respective* 
into the single optical fiber 256. 

Laser radiation having a wavelength in a range from 870 nm to 1050 nm (e g 980 nm) 
emrtted by the bottom-emission VCSEL 226 passes through the top-emission VCSEL 224 into 
the optica, fiber 256. The top-emission VCSEL 224 does not absorb the 980 nm .aser radiation 
passmg therethrough emitted by the bottom-emission VCSEL 226. The top-emission VCSEL 
224 is designed to have minimal reflectance to 980 nm laser radiation. 

Any back-leaking 780 nm laser radiation leaking from the bottom mirror stack 246 of the 
top-emission VCSEL 224 will be absorbed by the semi-insulating compound semiconductor 
substrate 230, and will not reach the bottom-emission VCSEL 226. 

The principles of the invention can be practiced in a multi-channel data distribution 
system, which can convey a variety of data between one or more centra, distribution points and 
one or more nodes linked to each centra, distribution point. Exam P .e data distribution systems 
are fiber-to-the-home (FTTH) and fiber-to-the-desk (FTTD) systems, (n a fiber-to-the-home 
(FTTH) system or a fiber-to-the-desk (FTTD) system, the central distribution point distributes 
information to the nodes over optical fiber. 

Referring to FIG. 13, an exemplary FTTH system 260 indudes a host digital terminal 
(HOT) 262 and a group of optical network units (ONUs), such as ONU 264, linked to the host 
digital terminal (HOT) so that wavelength-division multiplexed optica, signa.s can be transmitted 
and receded between each optical network unit (ONU) 264 and the host digita. terminal (HOT) 
262. Each node in the FTTH system includes an ONU located at an individual home and the 
central distribution point includes an HDT serving a number of homes within a geographic area 
The medium of transmission through which each of the.group of ONUs are optically coupled to 
the HDT for bidirectiona. transmission and reception can be a single optica, fiber 266, which can 
be S .ng.e-mode or mu.ti-mode fiber. Bidirectional transmission occurs over each of the single 
optical fibers. 

Each of the network of optical network units (ONUs) includes an optoelectronic module 
268 fortransmitting and/or receiving optical laser signals having differing wavelength signals in 
the optical link. The optoelectronic module 268 can be implemented as illustrated by FIG 2 or 
FIG. 11, for example. Optical linking is accomplished through optical fiber. Intheexample 
shown in FIG. 13, the optoelectronic module 268 of the ONU is operative to transmit and/or 
receive wavelength-division multiplexed (WDM) optical laser signals having differing 
wavelengths into and from the single optical fiber 266. The ONU 264 shown in FIG 13 includes 
logic and electronic circuitry 270 which can generate and process signals to control the 
bidirectional WDM optoelectronic module 268. A programmable network interface card (NIC) 
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272 in each ONU 264 ailow, the ONU to be con^red and moditied for system operating 

requirements. 

In a first illustrative embodiment, the optical network unit (ONU) 264 at each home 
transmfc information to the HOT 262 on a laser signal having a first wave.ength, and receives 
.nformation from the HDT262 on a laser signal having a second wavelength. The HOT 262 is 

|soperativetor e c e i V edatafromtheONU264ona,aser S i g na.havingthe fi rstwave«ength The 
first wavelength is 1.3 m and the second wavelength is 1.55 urn. 

In a second illustrative embodiment, the optical network unit (ONU) 264 at each home 
transmits information to the HDT 262 on a transmitted laser signal having a first wavelength 
and receives information from the HDT 262 on two received ,aser signals having a second and a 
th,rd wave.ength. respectively. The HDT 262 transmits information to the ONU 264 on the two 
laser signals having the second and third wave.engths. respective*, and receives information 
from the ONU 264 on a laser signal having the first wavelength. The first wavelength 
transmuted from the ONU 264 at the home into the optical link is 1 .3" m , the second 
wavelength transmitted from the HDT 262 to the ONU 264 at the home is 1 .55 , m , and the third 
wavelength transmitted from the HDT 262 to the ONU 264 at the home is 1 3^ 

Refemn 9 t0 F,G " 14 ' an -fPl-y FTTD system 276 includes a centra, distribution point 
278 hnked to one or more networks 280 of office nodes throughout a building (or group of 
bu,ld,ngs) so that data can be bidirectional^ distributed between the central distribution point 
278 and the network 280 of office nodes. The centra, distribution point 278 in the building 
.nc.udes a hub 282 with s^tching facilities. One or more networks of individua. office nodes are 
imked to the hub in the building. Each individua. office node in a network includes a desk-top 
box 284 .ocated at a desk. The medium 286 .infcng the nodes in each network 280, and the 
networks to the hub 282 is optica, fiber. The hub 282 operates to swKch communications to and 
from the linked network of nodes. A network interface card is used at the hub and at each desk- 
top box in the network to establish protocols for such communications and to route signals 
among the linked networks. 

Each of the network 280 of desk-top boxes 284 located at desks is able to transmit a 
laser signal having a first wavelength to the centrally located hub 282, and is able to receive a 
laser signal having a second wavelength from the hub 282. The hub 282 is able to transmit a 
laser s,gna. having the second wave.ength to each of the desk-top boxes 284, and can receive a 
laser signal having the first wavelength from each of the desk-top boxes 284 
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In an illustrative embodiment, the first wavelength is in a range from 870 nm to 1050 nm 
such as, for example, 980 nm. The second wavelength is in a range from 700 nm to 870 nm. ' 
such as, for example, 780 nm. 

While several particular forms of the invention have been illustrated and described it will 
also be apparent that various modifications can be made without departing from the spirit and 
scope of the invention. 
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WHAT IS CLAIMED IS: " 2 °~ 

1. An optoelectronic module for use in an optical link, comprising: 

a front vertical cavity surface emitting laser (VCSEL) transmitter including a plurality of 
layers of semiconductor, 

the front VCSEL transmitter is operative to transmit a transmitted laser signal into an 
optical link, 

the transmitted laser signal having a first wavelength; wherein 
a second laser signal having a second wavelength is routed through the plurality of 
layers in the front VCSEL transmitter. 



2- An optoelectronic module as defined in claim 1, wherein the optoelectronic module 

further comprises: 

a back laser, 

the back laser is operative to transmit the second laser signal into the optical link. 

3. An optoelectronic module as defined in claim 2, wherein: 
the back laser is a VCSEL. 



4. An optoelectronic module as defined in claim 1, wherein the optoelectronic module 
further comprises: 



a photodetector, 

the photodetector is operative to receive the second laser signal from the 



optical link. 



5. An optoelectronic module as defined in claim 3, wherein: 

the back laser is monolithically integrated with the front VCSEL transmitter. 

6. An optoelectronic module as defined in claim 4, wherein: 

the photodetector is monolithically integrated with the front VCSEL transmitter. 

7. An optoelectronic module as defined in claim 3, wherein: 

the optical axes of the front VCSEL transmitter and the back laser are substanfcally 
collinear. 



optoelectronic module as defined in claim 4, wherein: 
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the optical axes of the front VCSEL transmitter and the photodetector are substantially 

collinear. 3 



9. A process for routing optical signals in an optical link, comprising the following steps- 

(A) transmitting a transmitted laser signal from an optoelectronic module which 
-ncludes a composite-layer front vertical cavity surface emitting laser (VCSEL) transmitter into 
an optical link, the transmitted laser signal having a first wavelength; and 

(B) passing a second .aser signal through one or more layers of the composite-layer 
front VCSEL transmitter, the second laser signal having a second wavelength. 



10. 



14. 



15. 



16. 



A process as defined in claim 9, further comprising the step of: 
transmitting the second laser signal into the optical link. 



11. A process as defined in claim 9. further comprising the step of: 
receiving the second laser signal from the optical link. 

12. A process as defined in claim 9. wherein the optoelectronic module further comprises- 
a back laser, 

the back laser is operative to transmit the second laser signal. 

13. A process as defined in claim 12, wherein: 
the back laser is a VCSEL. 



A process as defined in claim 9, wherein the optoelectronic module further comprises- 
a photodetector, 

the photodetector is operative to receive the second laser signal. 

A process as defined in claim 13, further comprising the step of: 
monolithically integrating the back laser with the front VCSEL transmitter. 

A process as defined in claim 14, further comprising the step of: 
monolithically integrating the photodetector with the front VCSEL transmitter. 



A process as defined in claim 13, further comprising the step of: 
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coinddentally aligning the respecth/e opfca. axes of the front VCSEL transmrtter and the 
back laser along a common central longitudinal axis. 

18. A process as defined in claim 14, further comprising the step of: 

coinddentally aligning the respective optical axes of the front VCSEL transmtoer and the 
photodetector along a common central longitudinal 



axis. 



19. 



link, 



An optoelectronic module for use in an optical link, comprising: 
a vertical cavity surface emitting laser (VCSEL) transmitter, 
the VCSEL transmitter is operative to transmit a transmitted laser signal into an optica. 

the transmitted laser signal having a first wavelength; and 
a photodetector, 

the photodetector is operative to receive a received laser signal from the optical link 
the recerved laser signal having a second wavelength; wherein 

the optical axes of the VCSEL transmitter and the photodetector are substantially 
collinear. 

20. An optoelectronic module as defined in claim 19, wherein: 

the first wavelength is in a range from 1250 nm to 1350 nm, and 
the second wavelength is in a range from 1450 nm to 1650 nm. 

21 An optoelectronic module as defined in claim 1 9, wherein: 

the first wavelength is in a range from 700 nm to 870 nm, and 
the second wavelength is in a range from 870 nm to 1050 nm. 

22. An optoelectronic module as defined in claim 1 9, wherein: 

the first wavelength is in a range from 1450 nm to 1650 nm, and 
the second wavelength is in a range from 1250 nm to 1350 nm. 

23. An optoelectronic module as defined in claim 1 9, wherein: 

the first wavelength is in a range from 870 nm to 1050 nm, and 
the second wavelength is in a range from 700 nm to 870 nm. 
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24. An optoelectronic module as defined in claim 19, wherein the VCSEL transmitter 
includes: 

a pair of mirror stacks; 

an active region interposed between the pair of mirror stacks; and 

a wafer-fused interface between one of the pair of mirror stacks and the active region. 

25. An optoelectronic module as defined in claim 24. wherein: 

each of the pair of mirror stacks is a system of alternating layers of GaAs and AIGaAs 
forming a distributed Bragg reflector. 

26: An optoelectronic module as defined in claim 19, wherein the VCSEL transmitter 
includes: 

a pair of mirror stacks, wherein 

one of the pair of mirror stacks is less than .0001 percent transmissive to 
electromagnetic radiation having the first wavelength. 

27. An optoelectronic module as defined in claim 1 9, wherein 

the VCSEL transmitter includes a pair of mirror stacks, and further comprising: 

an absorber layer which is adapted to absorb electromagnetic radiation having the first 
wavelength. 

28. An optoelectronic module as defined in claim 19. wherein the VCSEL transmitter 

includes: 

a long-wavelength VCSEL for emitting laser radiation at the first wavelength, and 
an electrically pumped short-wavelength VCSEL integral with the long-wavelength 
VCSEL for emitting laser radiation at a pumping wavelength, wherein 

the short-wavelength VCSEL is operative to optically pump the long-wavelength VCSEL. 

29. An optoelectronic module as defined in claim 28, wherein: 

the pumping wavelength is in a range from 700 nm to 1050 nm. 



30. 



An optoelectronic module as defined in claim 19. further comprising: 
an optical fiber coupled to the VCSEL transmitter. 



An optoelectronic module as defined in claim 30. wherein: 
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the optical fiber is a single-mode fiber. 
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32. An optoelectronic module as defined in claim 1 9, wherein: 
the second wavelength is less than the first wavelength, and 

the transmitted laser signal passes through the photodetector before entering the optical 



link. 



33. 



An optoelectronic module as defined in claim 32, further comprising: 
an optical fiber coupled to the photodetector. 

34. An optoelectronic module as defined in claim 32, wherein: 

the first wavelength is in a range from 870 nm to 1050 nm. and 
the second wavelength is in a range from 700 nm to 870 nm. 

35. A parallel optical link for one or more duplex channels, comprising: 
an array of optical fibers; 

a first array of optoelectronic modules. 

each of the first array of optoelectronic modules includes a vertical cavity surface 
emitting laser (VCSEL) and a photodetector having optical axes which are substantially 

collinear, 

the first array of optoelectronic modules is optically coupled to the array of optical fibers 
to transmit a laser signal having a first wavelength and receive a laser signal having a second 
wavelength; and 

a second array of optoelectronic modules. 

each of the second array of optoelectronic modules includes a VCSEL and a ' 
photodetector having optical axes which are substantially collinear. 

the second array of optoelectronic modules is optically coupled to the array of optical 
fibers to transmit the laser signal having the second wavelength and receive the laser signal 
having the first wavelength. 

36. A link as defined in claim 35, wherein the first array of optoelectronic modules 

comprises: 

a first array of top-emission VCSELs to transmit the laser signal having the first 
wavelength into the array of optical fibers; and 
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a first array of bottom-illuminated photodetectors to receive the laser signal having the 
second wavelength from the array of optical fibers; wherein 

each of the first array of top-emission VCSELs is coincidental^ aligned along a common 
central longitudinal axis wjth one of the first array of bottom-illuminated photodetectors; and 

the laser signal having the second wavelength passes through the first array of VCSELs 
before being received by the first array of photodetectors. 

37. A link as defined in claim 36, wherein: 

the first array of top-emission VCSELs and the first array of bottom-illuminated 
photodetectors are monolithically integrated. 

38. A link as defined in claim 35, wherein the second array of optoelectronic modules 
comprises: 

a second array of top-illuminated photodetectors to receive the laser signal having the 
first wavelength from the array of optical fibers; and 

a second array of bottom-emission VCSELs to transmit the laser signal having the 
second wavelength into the array of optical fibers; wherein 

each of the second array of top-illuminated photodetectors is coincidental^ aligned along 
a common central longitudinal axis wrth one of second array of bottom-emission VCSELs; and 

the laser signal having the second wavelength passes through the second array of 
photodetectors before entering the array of optical fibers. 

39. A link as defined in claim 38, wherein: 

the second array of top-illuminated photodetectors and the second array of bottom- 
emission VCSELs are monolithically integrated. 

40. A link as defined in claim 35, wherein: 

the first wavelength is in a range from 700 nm to 870 nm, and the second wavelength is 
in a range from 870 nm to 1050 nm. 



41 . A link as defined in claim 36, wherein: 

the first array of bottom-illuminated photodetectors is wafer-fused to the first array of top- 
emission VCSELs. 



42. A link as defined in claim 36, wherein: 
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the first array of bottom-illuminated photodetectors is meta^bonded to the first array of 
top-emission VCSELs. 



43. A link as defined in claim 38, wherein: 

the second array of top-illuminated photodetectors is grown on a back side of , 
substrate shared with the second array of bottom-emission VCSELs. 



44. A link as defined in claim 38, wherein: 

the second array of top-illuminated photodetectors is wafer-fused to the second array of 
0 bottom-emission VCSELs. 



45. A link as defined in claim 35, wherein: 

the first wavelength is in a range from 1250 nm to 1350 nm. and 
the second wavelength is in a range from 1500 nm to 1600 nm. 



5 



46. A link as defined in claim 35, wherein: 

each of the array of optical fibers is a multi-mode optical fiber. 

47. A link as defined in claim 35, wherein: 

each of the array of optical fibers is a single-mode optical fiber. 

48. A link as defined in claim 36, further comprising: 

a top n-type contact to electrically pump the first array of top-emission VCSELs- 
a bottom n-type contact to electrically power the first array of bottom-illuminated 
photodetectors; and 

one or more layers of semi-insulating substrate electrically isolating the bottom n-type 
contact from the top n-type contact. 

49. A link as defined in claim 38, further comprising: 

a top n-type contact to electrically power the second array of top-illuminated 
photodetectors; 

a bottom n-type contact to electrically pump the second array of bottom-emitting 
VCSELs; and y 

one or more layers of semi-insulating substrate electrically isolating the top n-type 
contact from the bottom n-type contact. 
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50. An optoelectronic module for use in an optical link, comprising: 
a vertical cavity surface emitting laser (VCSEL) transmitter. 

the VCSEL transmitter is operative to transmit a first laser signal into an optical fiber, 
the first laser signal having a first wavelength; 
a front photodetector, 

the front photodetector is operative to receive a second laser signal from the optical 

fiber, 

the second laser signal having a second wavelength; and 
a back photodetector, 

the back photodetector is operative to receive a third laser signal from the optical fiber, 
the third laser signal having a third wavelength; wherein 

the VCSEL transmitter, the front photodetector, and the back photodetector have optical 
axes which are substantially collinear. 

51. An optoelectronic module as defined in claim 50, wherein: 

the first wavelength is in a range from 1.25 microns to 1.31 microns, 

the second wavelength is in a range from 1.31 microns to 1.36 microns, and 

the third wavelength is substantially equal to 1.55 microns. 

52. An optoelectronic module as defined in claim 50, wherein: 

the front photodetector and the back photodetector are monolithically integrated on an 
InP substrate. 

53. An optoelectronic module as defined in claim 50, wherein the VCSEL transmitter 
includes: 

a pair of mirror stacks, and 

an active region interposed between the pair of mirror stacks, wherein 
the pair of mirror stacks are wafer-fused to the active region. 

54. An optoelectronic module as defined in claim 50, wherein: 

the VCSEL transmitter is optically pumped to generate the first laser signal. 

55. A fiber-to-the-home system, comprising: 

a host digital terminal distributing data to a number of homes in a geographic area; 
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an optical network unit at one or more of the number of homes connected to the host 
digital terminal by optical fiber; wherein 

the optical network unit includes an optoelectronic module as defined in claim 20. 

56. A fiber-to-the-home system, comprising: 

a host digital terminal distributing data to a number of homes in a geographic area; 
an optical network unit at one or more of the number of homes connected to the host 
digital terminal by optical fiber; wherein 

the optical network unit includes an optoelectronic module as defined in claim 50. 

57. A fiber-to-the-home system, comprising: 

a host digital terminal distributing data to a number of homes in a geographic area; 
an optical network unit at one or more of the number of homes connected to the host 
digital terminal by optical fiber wherein 

the optical network unit includes an optoelectronic module as defined in claim 22. 

58. A fiber-to-the-home system, comprising: 

a host digital terminal distributing data to a number of homes in a geographic area; 
an optical network unit at one or more of the number of homes connected to the host 
digital terminal by optical fiber; wherein 

the host digital terminal includes an optoelectronic module as defined in claim 22. 

59. A fiber-tc-the-desk system, comprising: 

a central distribution point distributing data to a number of offices; and 
an optoelectronic module as defined in claim 34 at one or more of the number of offices 
connected to the central distribution point by optical fiber. 

60. A fiber-to-the-desk system, comprising: 

a central distribution point distributing data to a number of offices; and 

a plurality of optoelectronic modules connected to the central distribution point by optical 
fiber; wherein 

the central distribution point includes an optoelectronic module as defined in claim 21. 



61 . A fiber-to-the-desk system, comprising: 

a central distribution point distributing data to a number of offices; and 
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an optoelectronic module as defined in claim 22 at one or more of the number of offices 
connected to the central distribution point by optical fiber. 

62. A fiber-to-the-desk system, comprising: 

a central distribution point distributing data to a number of offices; and 

a plurality of optoelectronic modules connected to the central distribution point by optical 
fiber; wherein 

the central distribution point includes an optoelectronic module as defined in claim 20. 

63. A fiber-to-the-desk system, comprising: 

a central distribution point distributing data to a number of offices; and 

a plurality of optoelectronic modules connected to the central distribution point by optical 
fiber; wherein 

the central distribution point includes an optoelectronic module as defined in claim 22. 

64. A fiber-to-the-desk system, comprising: 

a central distribution point distributing data to a number of offices; and 

a plurality of optoelectronic modules connected to the central distribution point by optical 
fiber; wherein 

the central distribution point includes an optoelectronic module as defined in claim 34. 

65. A fiber-to-the-desk system, comprising: 

a central distribution point distributing data to a number of offices; and 
an optoelectronic module as defined in claim 21 at one or more of the number of offices 
connected to the central distribution point by optical fiber. 

66. A fiber-to-the-desk system, comprising: 

a central distribution point distributing data to a number of offices; and 
an optoelectronic module as defined in claim 20 at one or more of the number of offices 
connected to the central distribution point by optical fiber. 
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